Objective To evaluate the growth trajectories and cluster features of the human fetal brain tissues using signal intensity in utero magnetic resonance imaging. Methods In 136 fetal brain in utero, the signal intensity was measured in 20 region of interests (ROIs) including the bilateral thalamus, pons, genu, body and splenium of corpus callosum, the bilateral frontal, occipital, temporal pole, precentral and postcentral region, cerebellum and the bilateral posterior part of lateral ventricles as a reference. Calculating the signal intensity ratio (SIR) of these ROIs, and then, clustering analysis is used to explore the cluster features of SIR. Furthermore, five representative linear and nonlinear fitting models are used to estimate the relationship between SIR in each region and each cluster and gestational weeks. Results Over 22-38 gestational weeks, the SIR showed linear decrease in the most of (13 of 18) investigated brain regions, including the pons, bilateral occipital, precentral, postcentral, temporal, cerebellum, and thalamus. By using clustering analysis, the above brain regions could be classified into 6 clusters, and in 4 of 6 clusters, there was similar significant linear growth strategy with that in each of 13 of 18 regions. Conclusion The applications of a clinical available superfast sequence with sensitivity encoding with balanced turbo field echo sequence and signal intensity-based analysis may to some extent reflect the myelination process and growth strategies of fetal brain following heterogeneous and heterochronicity trajectories. It may be helpful for us to understand the normal fetal brain development pattern through in vivo imaging method prior to birth.
Introduction
Early human brain undergoes explosive development establishing an early basis for the later growth of behaviors and cognitions through infancy, childhood and human's whole life, which is largely unknown [1, 2] . The dynamic period of brain maturation in the latter half of gestation relies on several complex and intermingled mechanisms, such as the maturation and functional specialization of gray matter regions as well as the myelination of white matter [3] [4] [5] . Some regions, like the sensory-motor regions, were well developed before birth, whereas regions like frontal cortex would be much more immature and keep developing until the end of adolescence [6] . He and colleagues studied diffusion tensor imaging (DTI) through infancy and childhood and found that several important topological metrics increasing monotonically during the Bing Zhang and Dajie Chen contributed equally to the manuscript.
* Jie li jiel967@126.com * Bin Zhu gobincdr@hotmail.com development. Furthermore, they further found the modular organization in the white matter traced from functional default mode network in the preterm human brain are evident [1] and a gradually enhanced functional network segregation manner in primary motor, somatosensory, visual, and auditory regions [7] . However, to date, only a few studies provided the direct evidence from fetus in utero for the growth trajectories of the human fetal brain. Imaging fetuses in utero remains an important technical challenge due to its motion-sensitive characteristics and lacking long-term tolerance of pregnant women during the examination. Therefore, previous fetal brain imaging studies by MRI were limited by sample size. One study from 16 human fetuses reported that the threedimensional structural T 2 -weighted imaging were valuable for establishing a standardized prenatal protocol to assess fetal development across intrauterine periods [8] . They found that the lateral ventricle changed shape corresponding to the external and internal growth of the surrounding cerebrum, without reporting the changes of brain tissue. Moreover, DTI has been widely used to investigate differences in white matter at different stages of brain alteration and their relationship to cognitive ability in early life. Recent study compares corpus callosum and corticospinal tracts of 12 subjects with paired prenatal and postnatal DTI examinations to detect the accuracy of prenatal tractography [9] . However, DTI in utero remains an important technical challenge due to its motion-sensitive characteristics under a long acquisition time, which prevented researchers from collecting enough data [10] .
So far, there have not seen any large cohort study using more than 100 fetuses on the growth trajectories and modularity of fetal brain regions in utero and there has been no comprehensive study investigating the signal intensity changes covering major fetal brain tissue zones during the last trimester of fetus in utero [3] . In this study, we investigate the growth trajectory and modularity of fetal brain in utero with large sample data (n = 136) using a clinical available ultrafast sequence called sensitivity encoding with balanced turbo field echo sequence (sBTFE) to image fetal brain. The superfast sBTFE sequence with T 2 -weighted imaging transitorily enables a better contrast between the gray matter and white matter during term and 4-6 months' post-term [11] . To find the growth trajectories of brain segregation and integration patterns of the major brain tissue zones, we measured the signal intensities from sBTFE images and correlated them with gestational age in the fetus with 22-38 weeks. We hypothesized that these signal intensities from those brain regions will linearly or nonlinearly change with gestational age in these normal developing fetuses. Then, the growth trajectories of signal intensity in each region will be addressed by cluster analytic method in order to find the relationship between different brain regions.
Materials and methods

Subjects
We performed a retrospective observational study of all fetal brain MRI examinations (n = 1000) from September 2010 to September 2013 in the MRI database of Nanjing Drum Tower Hospital. Fetal brain MRI was performed for clinical purpose at our institution. The indications of the fetal MRI explorations were pregnancies at risk of brain damage, suspicion of brain malformation on ultrasound scans, and the presence of maternal and/or family history of brain development disorders. Gestational age was determined by the first trimester ultrasound examination.
Fetal brain MRIs were included in the study based on the following criteria: (1) fetuses were selected when conventional MRI examinations were normally based on the consensus reports of two neuroradiologists (B.Z. and C.Y) with > 5 years experiences in fetal MRI (absence of anatomical malformation, absence of white matter or gray matter lesions); (2) gestational age from 21 to 39 weeks, established according to first trimester ultrasound examination; (3) singleton pregnancy; (4) and fetus was considered normal at birth by a senior pediatric neurologist (Y. H. and J. L.) with > 10 years experiences in infants.
Of the 1000 fetal imaging acquisitions, 160 normal brains fulfilled these criteria and enrolled into next the qualitative image analysis step. Twenty-four scans were excluded for poor image quality. Finally, we selected images of 136 fetuses at gestational ages ranging from 22 to 38 gestational weeks, estimated by the last menstrual period. The cohort was constituted by fetuses at gestation ages of 22 GW (n = 2), 23 GW (n = 0), 24 GW (n = 3), 25 GW (n = 8), 26 GW (n = 5), 27 GW (n = 9), 28 GW (n = 11), 29 GW (n = 12), 30 GW (n = 7), 31 GW (n = 14), 32 GW (n = 20), 33 GW (n = 18), 34 GW (n = 13), 35 GW (n = 2), 36 GW (n = 4), 37 GW (n = 3), 38 GW (n = 5) ( Fig. 1) .
The Committee on human research of Nanjing Drum Tower Hospital approved this study, and written informed parental consent for MRI scans was obtained.
Fetal brain MRI acquisition
Fetal brain images were performed at 1.5 T MR scanner (Achieva Nova Dual, Philips Medical Systems, The Netherlands). A four-element abdominal phased-array coil was positioned directly over the fetal head.
Following a survey localizer, sBTFE sequence was acquired in all three conventional planes using the following parameters: TR = 3.8 ms, TE = 1.89 ms, flip angle = 90°, 25 partitions with slice thickness 5 mm and 3 mm gap, in-plane resolution 1.28 mm × 1.28 mm, SENSE factor 1.8, duration time for acquisition 50 s. Total examination time was 2 min and 30 s.
Inhomogeneity correction for phased-array coils
Abdominal imaging using phased-array coils is known to suffer from spatially inhomogeneous signal sensitivity profile (both excitation and reception profile) [12] . To avoid the heterogeneity from variations in the coil sensitivities, all pregnant women lied supine in the scanner making the orientation of sequence consistent across women; second, considering heterogeneity from variations in the coil sensitivities, the technique of constant level appearance (CLEAR) [13] was used as homogeneity correction, using a scaled signal intensities corresponding to the use of a uniformly sensitive coil (like the Q-Body coil). CLEAR is part of the SENSE functionality, and it uses the coil sensitivity maps provided by the SENSE reference scans. The sensitivity information is used to get a better homogeneity correction for Synergy coil scans without a SENSE reduction factor [14] . Therefore, in all brain scans, CLEAR was set to "yes."
Normalization of signals from sBTFE
Neither of T 1 W, T 2 W and sBTFE signals was comparable across individuals due to the variability between examinations related to technical tunings. Therefore, usually the signal intensity was normalized for each subject in reference to a given tissue which could be assumed to have stable property across subjects and gestational time (e.g., the cerebrospinal fluid) before comparison [11] . In this study, the SIR as the measurement of fetal brain maturation was computed as signal intensity (SI) in each region of interest (ROI) divided the average of SI from the bilateral posterior part of lateral ventricles.
Region of interest establishment and signal intensity estimates
Twenty ROIs in the fetal brain were determined and placed manually by two radiologists (H. W. and F. C), with > 3 years' experience in fetal MRI. The following regions were selected for analyses in each hemisphere: pons ( Fig. 2a ), cerebellar white matter ( Fig. 2a ), temporal pole ( Fig. 2b ), posterior part of lateral ventricles as a reference ( Fig. 2c ), frontal pole ( Fig. 2d ), occipital pole ( Fig. 2d ), thalamus ( Fig. 2d ), genu, body and splenium of corpus callosum ( Fig. 2e , f), subplate of precentral gyrus ( Fig. 2f ), subplate of postcentral gyrus (Fig. 2f ).
The subplate zone can be distinguished on sBTFE as an area of hyperintensity [15] between the bordering cortical plate and the intermediate zone. Manual placement of the ROIs was primarily carried out on sBTFE sequence with the axial plane, superior to inferior direction, and placed at subplate zone with the reference to the histological and MRI fetal brain atlases. The orthogonal planes were viewed simultaneously to improve the ROI placement. Corresponding points were chosen on both hemispheres by using the same sulcal landmarks. The dimension of each ROI was 20 mm 2 in fetal brain ≥ 29 week of gestation, and 10 mm 2 for brain < 29 week of gestation to account for its smaller size. SI values were retrieved from each ROI. The 
Cluster features of SIR
Furthermore, in order to find the rule of modular organization during fetal brain development, we employed the cluster feature analysis. We calculated the average SIR values of the two radiologists in each ROI as the final SIR value. The SIR of each measured gestational weeks of each subject was used as one sample, and then the correlation of SIR between each pair of 18 brain regions across this sample was calculated in MATLAB (The MathWorks, Inc., Natick, MA, USA). Therefore, an 18 × 18 Pearson correlation matrix was generated. A spectral reordering algorithm (Newman 2006) were utilized on this matrix and further divided these brain regions into clusters, which means the brain regions within each cluster were more densely correlated but lower correlation would be found between clusters. This algorithm was carried out by GRETNA software (www.nitrc .org/proje cts/gretn a/). Furthermore, principal component analyses (PCA) were used to extract the principal component of the SIR of each cluster. Given the SIR of ROIs within a same cluster is highly correlated with each other, it can be expected that first principal component will explain most of the SIR variation. In the current study, if the second component explaining less than 20% total variation, then only the first one is used as the representative of the whole cluster. The eigenvalue was transformed into z score to explore the correlations between the z score with gestational weeks in each cluster.
Statistical analysis
In order to investigate interobserver agreement of the SIR value in ROIs between the two radiologists, inter-class correlation coefficients (ICC) was analyzed. Then, the SIR values were reported as the average value from the two radiologists' measurement.
Paired t test was used to identify whether the signal intensity ratio of left and right brain regions has statistical differences.
As the fitting model of brain signal intensity variability with gestational weeks is unknown, we choose five representative linear and nonlinear fitting models to estimate the relationship of SIR and gestational weeks by SPSS 23.0 software (SPSS, Chicago, IL, USA), including linear, logarithmic, quadratic, exponential, logistic. The five fitting models were also employed to estimate the relationship of SIR and gestational weeks in each cluster. The fitting model was considered to be significantly difference if P < 0.05. We defined there is significant difference between linear and nonlinear curve if R 2 difference is more than 5%. The linear fitting model was preferred if there were no significant differences.
Results
The SIRs between the twice placements from each ROI in 136 fetal brains (by H. W. and F. C) correlated significantly, which indicated good interobserver agreement (Table 1) with ICC higher than 0.9 (P > 0.05).
Paired t test was used to identify whether the SIR of seven-paired brain region (bilateral frontal, occipital, precentral, temporal lobe, thalamus, and cerebellum) has statistical differences. The result of seven-paired brain region is shown in ( Table 2 ). There was no statistical difference in signal intensity between six-paired left and right brain region (bilateral frontal, occipital, precentral, postcentral, temporal lobe, thalamus, and cerebellum). However, there was statistical difference in the signal intensity of bilateral occipital (P = 0.026).
Five fitting models employed to estimate the relationship of SIR and gestational weeks in 18 brain regions. The R 2 and P values of each fitting model are shown in Table 3 . In all 18 regions, the R 2 values of all the nonlinear models have no significant difference to the R 2 of the linear model (R 2 difference < 0.05); therefore, the linear model was chosen to be the final fitting model. Specifically, significant linear growth between gestational age of fetus and SIRs was found in most of investigated brain regions (13/18) ( Fig. 3 ), including the pons, bilateral occipital, precentral, postcentral, temporal, cerebellum, thalamus (P < 0.05).
There were no significant differences in fitting model in 5/18 investigated brain regions including bilateral frontal, as well as the genu, body and splenium of corpus callosum. This finding suggested that the signal in those brain regions did not change linearly or nonlinearly with gestational age of fetus. The above results showed that growth and maturation progress of fetal brain are asynchronous, and there is different alteration mode with the increase of gestational age.
Furthermore, as a result of modular organization using clustering analysis, the 18 brain regions were divided into 6 clusters. Cluster 1 consists of 3 brain regions, including the genu, body and splenium of corpus callosum; Cluster 2 consists of 2 brain regions, including bilateral frontal lobe; Cluster 3 consists of 2 brain regions, including bilateral occipital; Cluster 4 consists of 6 brain regions, including bilateral precentral, postcentral, temporal lobe; Cluster 5 consists of 3 brain regions, including bilateral thalami and pons; Cluster 6 consists of 2 brain regions, including bilateral cerebellum. Each cluster has a principal component and could account for more than 80% of the total variance. This component represents the average of SIR of brain regions in each cluster, since all SIR of brain regions contributed highly in explaining the variation in each cluster. The component of cluster 1 accounted for 80.44% of the total variance; the component of cluster 2 accounted for 88.40%; the component of cluster 3 accounted for 89.66%; the component of cluster 4 accounted for 81.22%; the component of cluster 5 accounted for 88.56%, as illustrated in Fig. 4 .
Keep consistent results with the above fitting analysis in individual brain region, there is significant linear growth strategy between the Z score of SIR and gestational age of fetus in cluster 3, 4, 5, and 6 (P < 0.05), but there is no linear or nonlinear correlation in cluster 1 and 2 (P > 0.05) ( Table 4 ; Fig. 4 ).
Discussion
This study used a relatively large fetal brain cohort to demonstrate brain tissue growth trajectories using relative quantification measurements from a clinical available fast sequence of sBTFE. Over 22-38 weeks' fetal age range, the signal intensity showed linearly decrease in most of (13 of 18) investigated brain regions, including the pons, bilateral occipital, precentral, postcentral, temporal, cerebellum, Table 3 Correlation of signal intensity ratio with gestational weeks in 18 brain regions thalamus, which has not been directly demonstrated previously in utero. Further, by using clustering analysis and PCA, we found that the above brain regions could be classified into four clusters that have a similar significant linear growth strategy with that in each of corresponding regions. While bilateral frontal lobe, as well as the genu, body and splenium of corpus callosum showed unchanged signal intensity during the whole gestational age by our fitting models. Our results showed that growth and maturation of fetal brain are asynchronous and modular organization.
Differing from other fetal brain imaging studies, we measured signal intensity ratio from a clinical available sequence of sBTFE, which is fast enough to freeze the random motion of fetus. Imaging of fetuses in utero is difficult to acquire because of the techniques' sensitivity to motion. Without clinical indication, healthy babies cannot be sedated, then one cannot prevent a fetus to move within the womb, and quietness is difficult to obtain in fetus during a long time. Thus, imaging acquisition should remain as short as possible, especially in preterm in which it is difficult to maintain a stable thermal state inside the MR scanner. Currently, sBTFE sequence is the most frequently routinely used gradient echo sequence combined with sensitivity encoding by means of arrays of multiple receiver coil [16] . Using a large flip angle, very short TR, and a symmetrical as well as balanced gradient around the echo time, a high signal-to-noise ratio can be obtained in milliseconds. The sBTFE sequence provides very high signal intensity from the compartments Fig. 3 Significant linear fitting model between gestational age of fetus and SIRs in 13 of total 18 brain regions. We choose the significant linear growth between gestational age of fetus and SIRs, including the pons, bilateral occipital, precentral, postcentral, temporal, cerebellum, thalamus (P < 0.05) with large T 2 /T 1 ratios, such as CSF and tissues rich in water content [17] . Therefore, sBTFE imaging can be used to visualize the different water content in white matter and subcortical regions at different age in the living fetal brain.
The signal intensity of bilateral occipital pole and temporal pole decrease with the increase of gestational age, indicating the water content in these regions kept declining during the third trimester. Histological experiments show that axon strata are closely juxtaposed in the occipital lobe in 26-27 weeks [18] . This may lead to the increased cell density and decreased tissue water content, resulting in the lower signal intensity in this region. The signal intensity of temporal in our measured area is in fact largely occupied by the subplate in 26-31 weeks [18] . As we know, the human subplate contains numerous loosely arranged axons, growth cones and synapses, glial cells and migratory neurons, which may lead to the less tissue water content and lower signal intensity.
We also found that the signal intensity of subplate of precentral gyrus and postcentral gyrus decreased with the increase of gestational age after 20 weeks. Histological studies have reported that myelinated white matter can be detected in the precentral and postcentral gyrus at 35 week and myelination begins at 28 weeks [19, 20] . During the process of myelination, free water is reduced due to increased intracellular macromolecule concentration, decreased extracellular space, and formation of inner phospholipid hydrophobic groups in the myelin sheath, resulting the decreased signal intensity.
Although frontal, occipital, temporal, precentral and postcentral all originate from prosencephalon, our clustering results show that they can be divided into three different clusters. This supported that the timing and growth trajectories of development of each region are heterochronicity. The previous report had shown that frontal lobe developed later than other lobes until puberty ends [21] , because it involved in advanced brain function including executive function, attention, and motor coordination, et al. Frontal and occipital pole as a higher-order association area mature only after the lower-order sensorimotor regions have matured. Frontal lobe maturation progressed following a back-to-front direction, which began in the primary motor cortex and extended anteriorly to the superior and inferior frontal gyrus, with the prefrontal cortex developing last [22] . This rule was consistent with our results that the cluster features were different between the subplate of precentral gyrus and frontal pole. Further, we found that the bilateral precentral, postcentral and temporal regions belonged to one cluster. In a dynamic mapping of human cortical development study in a cohort of childhood, the authors found that the process of gray matter loss (maturation) begins first in the primary sensorimotor areas near the interhemispheric margin, and then spreads rostrally over the temporal cortex [22] . This pattern of brain maturation might explain the subplate of the primary sensorimotor areas and temporal pole held the similar growth trajectories and cluster feature.
The signal intensity of thalamus which belongs to deep gray matter nuclei decreased with the increase of gestational age in our study. One published study has found T 2 value in thalamus is shown to decrease from an average value of 203 ± 7 ms to 181 ± 7 ms (correlation coefficient ρ = − 0.84, P < 0.001) between the week of 26 and 46 [23] . Our study is consistent with this result. The thalamus is a large subcortical region in the dorsal part of the diencephalon with several functions including relaying of sensory and motor signals, to the cerebral cortex and the regulation of consciousness, sleep, and alertness. Pons is part of brainstem, includes neural pathways that carry the sensory signals up into the thalamus [24] . These functions of mutual coordination between thalamus and pons explained the reason that they shared same cluster feature.
The organization and maturation of axonal pathways in brain white matter follow heterogeneous trajectories beginning in the prenatal to early postnatal stages. The corpus callosum is the biggest and most important commissural fibers which connects the two cerebral hemispheres between homotopic regions. It is an asymmetric white matter structure, and the basic development is completed in 18-20 weeks [25] . In the corpus callosum, myelination progresses much later during the postnatal period than other regions of white matter [26] . As with synaptogenesis, the time course for pruning of dendrites in the corpus callosum undergoing after birth till 2 years old. This characteristic late development process can explain our results of no lineally signal changing in corpus callosum for 20-40 weeks.
In our study, the signal intensity of bilateral cerebellum also decreases with the increase of gestational age after 20 weeks. In humans, the cerebellum receives input from sensory systems and integrates these inputs to fine-tune motor activity [27] . The cerebellar circuit participated not only in motor behaviors such as coordination, learning, and balance but also in nonmotor behaviors including cognition, emotion, and spatial navigation [28] . Histological studies have reported the Purkinje cells of cerebellum appeared at 27 weeks, and then increased gradually, reached a peak at 36 weeks [29] . So, the increased density of cells may lead to the decrease of the signal intensity in cerebellum. Moreover, the cerebellar granule cell synaptic heterogeneity mediated sensorimotor and nonsensorimotor signals in behaving animals [28] , which might support our findings of its cluster feature differentiating with other brain regions. Fig. 4 A cluster feature of fetal brain and each of cluster's growth pattern. a The 18 brain regions were divided into 6 clusters according to the cross-subject correlation of the SIR. R value indicated the correlation coefficient of SIR between brain regions of corresponding vertical coordinates and horizontal coordinates. The color scale represented the range of R value from 0.4 to 1.0. The six red-line small squares represent the six clusters. Each cluster indicates that a group of brain regions was highly correlated in SIR, while there is no significant correlation among the brain regions from different clusters. b The 3D illustration of the clusters in fetal brain. Each node represented a brain region and the edge between them represents the correlation coefficient r. Thicker edge represents larger R value. Cluster 1 (yellow) consisted of 3 brain regions, including the genu, body and splenium of corpus callosum; Cluster 2 (purple) consisted of 2 brain regions, including bilateral frontal lobe; Cluster 3 (soft blue) consisted of 2 brain regions, including bilateral occipital lobe; Cluster 4 (dark blue) consisted of 6 brain regions, including bilateral precentral, postcentral, temporal lobe; Cluster 5 (red) consisted of 3 brain regions, including bilateral thalami and pons; Cluster 6 (green) consisted of 2 brain regions, including bilateral cerebellum. c Significant linear fitting model between gestational age of fetus and Z score in 4 of total 6 clusters. The significant linear growth (P < 0.05) between the Z score of SIR and gestational age of fetus in cluster 3 (C 4 ), 4 (C 3 ), 5 (C 1 ) and 6 (C 2 ).But there is no linear or nonlinear correlation in cluster 1 (C 6 ) and 2 (C 5 ) ◂ 1 3
In conclusion, our results to some extent reflect the myelination process and growth strategies of fetal brain. The cluster features indicated the modular organization and maturation of different brain regions followed heterogeneous and heterochronicity trajectories.
Limitation
The signal intensity we measured was from the fast sequence of sBTFE, which lacks water content quantification, such as using T 2 mapping, and therefore it cannot directly represent the content of water in fetal brain. However, T 2 mapping sequence with more than 6 min acquisition time is limited using in fetus in utero because of its time-consuming. Furthermore, DTI is a better sequence for providing the underlying axonal membrane microstructure, and due to recent advancements in fast imaging sequence, DTI can be extended to the earliest point of the human brain before birth and as early as the second trimester of gestation [30] . However, up to 30% of the fetal cases, DTI data were corrupted by artifacts, resulting in impaired detection of white matter structures [10] . Therefore, a clinical available superfast sequence of sBTFE might provide additional information to DTI because of its clinical feasibility. Besides, our results lack the longitudinal follow up of imaging comparison and contrast with abnormal fetus. Our study is also limited in assessing functional performance after birth associated with growth strategies and cluster feature in fetal brain. Therefore, a future goal would be to perform a longitudinal study among fetus and neonates, which in turn help us understand whether the signal intensity associated with age seen in fetal and early postnatal weeks, which might be associated with neurodevelopmental deficits.
Conclusion
The applications of sBTFE and signal intensity-based analysis may to some extent reflect the myelination process and growth strategies of fetal brain. The cluster features indicated the modular organization and maturation of different brain regions followed heterogeneous and heterochronicity trajectories. It may be helpful for us to understand the normal fetal brain development by using MRI. peak of talented people (WSN-O50, BZ). National Key R&D Program Table 4 Correlation of signal intensity ratio with gestational weeks in six clusters of China (2016YFC0100100). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
